The production of activated carbon electrodes from a banana stem for supercapacitor cell applications has been successfully performed. The increase in pore properties was conducted using a KOH chemical activation agent at low concentrations of 0.0, 0.3, 0.5 and 0.7 M, whereas physical activation was performed using CO 2 gas at a temperature of 850 ˚C for 2 h. The activated carbon electrode was fabricated without the addition of adhesive materials. The density, degree of crystallinity, surface morphology, elemental content and surface area of the electrodes were analyzed. The study of electrochemical properties focused on the analysis of the specific capacitance of the supercapacitor cell using cyclic voltammetry. The physical properties of the activated carbon electrodes were correlated to generate the optimum conditions for the specific capacitance of the supercapacitor cells. The optimum specific capacitance obtained at a concentration of 0.5 M KOH reached 170 F/g with a specific surface area of 835.939 m²/g.
INTRODUCTION
Banana (Moses) is a genus of the musaceae family and the order of Zingiberal [1] . In terms of gross production, banana is the world's fourth most important food crop in the world after rice, wheat and corn, and contributing to the economies of many developing countries including Indonesia [2] . The production of bananas in Indonesia reached 6.279.290 tons in 2013 [3] . Ninety percent of banana plants is waste that is not widely used. Unlike banana leaves and fruit, the stems and leaf midrib are usually disposed of and only used on a limited scale such as for planting media [4] , fertilizer production [5] and further development as wound medicine. The carbon content in the electrode of banana stem is very high that reaches 87.86 % [6] so one alternative use of banana plant waste is as a raw material in the preparation of activated carbon electrodes for supercapacitor cell applications. Several studies on the use of banana stems as raw materials in the preparation of supercapacitorelectrodes have been reported [6, 7, 8] . The preparation process was conducted using a chemical activation agent such as KOH or ZnCl2 at a large concentration of 10-50 percent of the carbon mass. Specific capacitances of supercapacitor electrodes derived from banana stems are104.2 F/g [6] , 74 F/g [7] , and 156 F/g [8] .In the present research, a supercapacitor electrode was fabricated from banana stem waste without any additional adhesive material; it was activated using a KOH activator at a low relative concentration of 0.0 -0.7 M, followed by a carbonization process at 600 ˚C and physical activation at 850 ˚C for 2 h. The highest specific capacitance reached 170 F/g. The physical properties of the resulting carbon electrode such as the density, surface morphology, degree of crystallinity and surface area were completely evaluated, whereas the specific capacitance of the supercapacitor cell was reviewed based on the variation in the concentration of chemical activation performed. Based on the results from this study it's recommended that the utilization of banana stem waste potentially as a carbon electrode for supercapacitor application.
MATERIALS AND METHODS

Electrodes Preparation
The selected banana stem was banana kapok obtained from smallholder plantations in Riau province, Indonesia. Chemical activation used potassium hydroxide (KOH) agents purchased from Merck KGaA, Germany. The production of activated carbon from banana stems uses a combination of chemical and physical activation. This preparation of the carbon electrode begins by processing banana stems using previously reported methods [9] . Banana stems were pre-carbonized at a low temperature of 250 ˚C for 2.5 hours, followed by a grinding and sieving process, resulting in a green carbon powder with particle sizes of 39-52 μm. The next step, chemical activation, was performed using KOH at various concentrations, i.e., 0.0 M, 0.3 M, 0.5 M, and 0.7 M. All samples were formed into a green carbon monolith by compression pressure, and thus all carbon pellet samples were from integrated carbonization and activation methods, as previously reported [10, 11] . The samples were carbonized at a temperature of 600 °C using a furnace tube in a nitrogen gas environment with a constant flow rate of 1.5 L /min, followed by physical activation using CO 2 gas at a temperature of 850 ˚C and a scan rate of 10 ˚C/min. The carbonization and physical activation processes convert the green monolithic sample into activated carbon (AC), so that each sample is labeled AC-K0, AC-K3, AC-K5 and AC-K7. Knumber is concentration of KOH.All AC-Ks were polished and washed to neutral pH to increase the sample purity.
Physical characteristics
The mass, diameter, thickness, crystallinity, morphology and chemical composition of the activated carbon monolithic samples were measured. The mass, diameter and thickness were recorded to calculate the monolith density of all AC-Ks samples. The crystallinity of the AC-Ks sample was studied X-Ray Diffraction (XRD)using a Philip X-Pert Pro PW 3060/10 instrument with a Cu k-α light source and a wavelength of 1.5418 Å. The diffractogram data was examined in the diffraction angle range of 10-100˚. Interlayer spacing (dhkl) was calculated using the Bragg equation [12] , and the microcrystallite dimensions such as the peak height (Lc) and peak width (La) were calculated using the Debye-Scherrer equation [13, 14, 15, 16] . The surface morphology was obtained using scanning electron microscopy (SEM) at 40000-fold magnification, and the chemical composition of the sample was examined using energy dispersive spectroscopy (EDS) with a JEOL JSM-6510 LA instrument.The surface area analysis was analyzed using isothermal adsorption-deasorption Nitrogen (N 2 ) gas by using Quantachrome NovaWin Version 11.0 instrument.
Cell fabrication and electrochemical characteristics
The electrochemical property measurements were performed using fabricated supercapacitor cells, i.e., a sandwich type that consists of body cells, current collectors, electrodes, a separator and electrolytes [17] . In this study, AC-Ks were used as supercapacitor electrodes, a 1 M H 2 SO 4 solution was selected as the electrolyte, and a duck eggshell membrane was selected as the separator [18] . The body cells and current collectors were made from acrylic and 316 stainless steel tape. Electrochemical measurements were perform using a Physic CV UR Rad-Er 5841 instrument calibrated with a 1280 solartron device. Electrochemical measurement was conducted at a scan rate of 1 mV/s and a potential window of 0 to 500 mV controlled using CVV6 cyclic voltammetry software. Electrochemical characteristics of an AC-Ks-based supercapacitor cell were examined via the specific capacitance calculated using the standard equation [19, 20] .
RESULTS AND DISCUSSION
Analysis of mass, diameter, thickness and density
The mass (m), diameter (d), thickness (t) and density (ρ) are reported for the various KOH concentrations in Table 1 . AC-K3, AC-K5 and AC-K7 showed a smaller mass and diameter than AC-K0. The difference in mass and electrode diameter due to additional KOH activation can be explained as follows. Chemical activation resulted in KOH impregnation on impurities bonding with carbon materials comparable to KOH concentrations. The pyrolysis process caused the evaporation of impurity materials that had not been released during chemical activation and are especially present on the surface of the electrode [20] . The release of impurities resulted in a decrease in the mass and diameter. However, AC-K7 showed a mass and a diameter larger than that of AC-K5. The difference in these results is indicated by the shape of the electrode, which in the beginning is already in pellet form, whereas during the carbonization and physical activation process the release of impurities is more active on the surface of the sample. The increase of KOH concentration leaves the activation agent in the inert part of the electrode and it is not released during the pyrolysis process. Meanwhile, the thicknesses show different trends, and AC-K5 has the greatest thickness. Losing mass during the pyrolysis process results in a stronger array of carbon bonds in the electrode samples. Further analysis of the mass, dimensions, diameter and thickness is conducted through the calculated densities. The density is influenced by changes in the mass and dimensions and was smallest for AC-K5. This small density influenced the surface area and capacitive properties of the carbon electrode from a banana stem.
X-ray Diffraction Analysis
AC-Ks electrode structure data is presented in a X-ray diffractogram shown in Figure 2 . All AC-Ks samples exhibit nearly identical diffraction patterns, and the appearance of two broadening peaks in the diffraction data correspond to the carbon amorphous structures [21] . This pattern shows that the atoms are arranged randomly in the sample. The diffraction angle 2θ is identified in the range of 24° for the 002 reflection plane and 44° for the reflection 100 reflection plane. Sharp peaks indicate the presence of small amounts of impurities, such as silica at 2θ = 29˚, which usually appear as biomass burning residues [21] . Potassium hydroxide is at 2θ = 33˚ based on ICDD .cod 01-078-0190 data (ref), and potassium chloride is at 2θ = 40˚ based on ICDD .cod 01-076-3361 data (ref). The sample structure parameters such as the interlayer spacings for the d002 plane and the d100 plane and microcrystallite dimensions such as the peak height [Lc] and peak width [La] were calculated and are listed in Table 2 . The d002, d100, Lc and La are obtained in the range of 3.602-3.658 Å, 2.028-2.099 Å, 11.001-14.109 Å and 1.242-2.181 Å, respectively. These data are in the range of carbon material data. The activated carbon from rubber sawdust produces d002, d100, Lc and La in the range of 3.64-3.71 Å, 1.99-2.03 Å, 11.47-22.86 Å and 8.56-21.68 Å, respectively [10] . The d002, d100, Lc and La were obtained in the range of 3.692-3.711 Å, 2.039-2.086 Å, 8.42-10.48 Å and 48.33-52.22 Å, respectively, and have been reported for activated carbon made from palm oil empty fruit branches [22] . Parameters of crystallite dimensions La and Lc can be further analyzed as Lc/La and Lc/d002 ratios, respectively. The smallest Lc/La and Lc/d002 ratios were obtained at a concentration of 0.5 M KOH. The combination of these two ratios affects the surface area and the capacitive properties of the electrode [23] . The chemical activation on the AC-Ks samples generally increases the d002 and d100 parameters but does not show a trend for increasing KOH concentrations. The KOH activation agent breaks the bonding of impurity materials and carbon atoms through the impregnation reaction [24] . The heating process causes the impregnation of KOH to evaporate to obtain the development of pore structure. As a result, KOH activation changes the lattice arrangement of carbon atoms in the electrode. The increase in KOH concentration in AC-K5 leads to impurity bonding, and more carbon atoms are released compared to AC-K3. Meanwhile, the increase in KOH concentration in AC-K7 produces a bond between KOH and carbon atoms, due to an imperfect washing process. The XRD analysis indicates that the AC-K5 sample has the best pore and capacitive properties, which are shown in the N 2 gas absorption-desorption analysis and the specific capacitance in the next section. 
3.3.Scanning Electron Microscopy
The effect of KOH chemical activation on the surface morphology of activated carbon electrodes from banana stems is reviewed in Figure 2 . SEM micrographs show that the samples prepared with the KOH activation agent have more pores than those prepared without KOH. The AC-K0 sample was prepared without chemical activation and contains fiber structures such as an agglomeration of fibers 202-353 nm in size. The AC-K3, AC-K5 and AC-K7 samples show smaller fibers than AC-K0, and they yield a fiber structure in the size range of 95-131, 75-131 and 42-67 nm, respectively. KOH as a chemical activation agent can separated the existing fibers in the banana stem material so that increasing the KOH concentration in the sample decreases the fiber diameter. Chemical activation successfully reduces the fiber size because the activation agent breaks the bonds between the fine fibers. The fine fibers act as bridges between the particles so that the diffusion of ions in the electrode increases. The fiber structure affects the ion diffusion process between carbon particles and increases the capacitive properties of the electrodes. The EDS spectrum of the AC-Ks electrode presents chemical composition data and is shown in the Figure 3 . This spectrum shows that the samples are composed of the same elements, namely, carbon, oxygen, magnesium, chlorine, potassium and calcium, and that the carbon content has the highest percentage, 88.76%, 87.67%, 84.57% and 88.15% for AC-K0, AC-K3, AC-K5 and AC-K7, respectively. Chemical activation using KOH affects the quantity of oxygen, potassium and chlorine so that the percentage of carbon changes. The resulting carbon content data are similar to that of other studies on bamboo waste [25] and palm dates [26] . Activated carbon from bamboo waste with steam activation has a carbon content of 81.18%, and that from palm dates with CO 2 activation has a carbon content of 77.83%. In addition, certain types of impurities such as silica, oxygen, magnesium, chlorine, potassium and calcium are present. These data support the results presented on XRD measurements. The other elements such as magnesium, chlorine, potassium and calcium are the basic ingredients of banana stems. The processes of carbonization and activation at a temperature of 900 °C do not cause these elements to decompose completely. The presence of silica in the sample is due to the influence of the combustion process of the biomass material.
Energy Dispersive X-ray Analysis
The analysis of surface area
The isothermal adsorption-desorption nitrogen gas (N 2 ) analysis of the AC-Ks sample is shown in Figures 4 a) and b) . Figure 4 a) shows the relationship between the absorption-desorption volume and N 2 gas relative pressure. The curve shows the form of hysteresis from 0.4 to 1 in relative pressure, P/P 0 . The maximum volume of gas absorbed is 306.5976 cm 3 /g at a relative pressure of 0.9579 atm.
Given the relatively low P/P 0 ratio, the formation of the micro pores of the carbon core further increases the P/P 0 pressure ratio, indicating the formation of larger pores in the carbon material [27] . The adsorption-desorption pattern generated from AC-K5 is of type IV based on the IUPAC classification, indicating a mesoporous range dominant presence in the sample [28] . The average pore produced from the curve is mesoporous with a diameter ranging from 2 nm to 50 nm. The correlation between pore absorption-desorption volume and the pore size distribution of the AC-K5 sample is shown in Figure 4 b). The surface area was analyzed using the Brauner-Emmet-Teller (BET) method, and it reached 835.939 m²/g. The pore size distribution was evaluated using the Barret-Joyner-Halenda (BJH) model, and dominant absorption data were found at a pore size of 36.1108 Å [29] . These data support the conclusion that the pore type produced from the fiber activated carbon sample is in the mesoporous region with a pore surface area of 63.143 m²/g. 
3.6.Cyclic Voltammetry
Cyclic voltammetry (CV) measurements were reviewed regarding the effect of the KOH activation agent concentration on the electrochemical properties of the AC-Ks samples. AC-Ks electrochemical measurement data are determined from the curve of the plot of the charge-discharge current density versus the potential, which was recorded in a potential window of 0-0.5 V [30] , as shown in Figure 5 . The overall data show that all the AC-Ks samples prefer a rectangular shape [31] , but they differ in the charge-discharge current area. The maximum charge-discharge area was obtained for the AC-K5 sample. The electrochemical properties of AC-Ks supercapacitor cells are further analyzed in terms of specific capacitance values (Csp). Chemical activation using KOH successfully increased the Csp of the AC-Ks samples, i.e., 103 F/g, 139 F/g and 170 F/g for AC-K0, AC-K3 and AC-K5, respectively. The chemical activation produces new pores and increases the surface area, which is proportional to the of concentration of the KOH activation agent. The large surface area provides a large medium for the diffusion of ions into the carbon matrix so that the number of electronion pairs increases. These results are consistent with the SEM data, which show that chemical activation succeeded in reducing the fiber to nanometer-sized fine fiber, thus increasing the diffusion of ions between particles. On the other hand, the increase in KOH concentration in the AC-K7 sample reduced Csp to 137 F/g. In conclusion, 0.5 M KOH is the best condition for production of activated carbon for the supercapacitor electrode with the highest specific capacitance, reaching 170 F/g. The specific capacitance obtained in this study reached 170 F/g, which is higher than104.2 F/g [6] , 74 F/g [7] , 156 F/g [8] from previous reports and for different biomass can be seen in Table 4 . These differences in capacitive properties may be due to the preparation of activated carbon electrodes without additional adhesives material. In our results, an optimum surface area of 835.939 m²/g was obtained, whereas Subramanian et al. reported the surface area of activated carbon from a banana stem as 1097 m 2 /g with a specific capacitance reaching 74 F/g [7] , comparison of surface area for different biomass shown in Table 4 . The surface area of our samples is lower, but it produced a higher specific capacitance. This result is clearly due to the preparation process of the electrodes, in which the addition of adhesive material inhibits or reduces the sizes of existing pores, thereby reducing the supercapacitor capacitive properties. Thus, it is concluded that monolithic activated carbon with a small surface area can produce a higher specific capacitance. 
CONCLUSION
The binderless activated carbon electrode from a banana stem exhibits an excellent combination of physical and electrochemical properties. The use of a low concentration of KOH activation agent of 0.0-0.7 M, followed by physical activation at a temperature of 850 ˚C for 2 hours using CO 2 gas, has succeeded in producing an activated carbon electrode without addition of adhesive material. The physical properties of the carbon electrode are strongly related to the specific capacitance of the supercapacitor cell. The density and peak height of the carbon electrode are inversely proportional to the surface area. The lowest density and peak height of the carbon electrode are 0.639 g/cm 3 and 11.001 Å, respectively, and this electrode has the highest specific capacitance of 170 F/g, obtained at a KOH activation concentration of 0.5 M. It can be concluded that the preparation method for activated carbon electrodes from banana stems used herein is a very feasible method for the production of supercapacitor cells.
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